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surfacest
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L. Machova, D. Kubies and F. Rypacek

In this study we investigate the formation of protein-resistant polymer surfaces, such as aliphatic poly-
esters, through the deposition of self-assemblies of amphiphilic poly(L-lactide)-b-poly(ethylene oxide),
PLLA-b-PEQO, copolymers as stable nanoparticles with a kinetically frozen PLLA core on model PLLA sur-
faces. The length of the PEO chains in the corona was tuned to achieve polymer brushes capable of pre-
venting protein adsorption on PLA-based biomaterials. The spectroscopic ellipsometry, IR and XPS ana-
lysis, contact angle goniometry, and AFM proved that the PEO chains adopted a brush structure and were
preferably exposed on the surface. The low-fouling properties of the physisorbed PLLA-b-PEO layers
approached the ones of reactive grafting methods, as shown by surface plasmon resonance spec-
troscopy. The anti-fouling properties of the prepared PEO brushes provided sufficient interface to prevent
cell adhesion as proved in vitro. Thus, the developed surface coating with PLLA-b-PEO colloids can
provide an anti-fouling background for the creation of nanopatterned biofunctionalized surfaces in bio-

rsc.li/biomaterials-science medical applications.

Introduction

Non-fouling surfaces have been under frequent investigation for
biomedical applications such as biosensing or tissue engineer-
ing." Current trends in the area of polymer biomaterials for
tissue engineering are focused on controlled cell-surface inter-
actions through surface functionalization of biomaterials using
the bioactive motifs derived from natural structures of the extra-
cellular matrix (such as fibrinogen or laminin) present on the
surface of the biomaterial.>”® However, the limiting factor of this
approach is non-specific protein adsorption, which occurs at
the first instant when the artificial material is brought into
contact with body fluids or cell culture medium.? In such a
case, the accessibility of bioactive groups for expected surface-
cell interactions would be restricted by the adsorbed proteins.
Modification with hydrophilic polymers was reported as an
efficient method for surface passivation due to the effect of

Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic,
Heyrovsky Sq. 2, 162 06 Prague 6, Czech Republic. E-mail: chanova@imc.cas.cz;

Tel: +420-296809453

f Electronic supplementary information (ESI) available: "H NMR spectra of co-
polymers, AFM images of the PLLA surface, XPS spectra and (co)polymer surface
composition from XPS analysis, SPR sensogram, stability test of copolymer sur-
faces, light microscopy micrographs of HUVEC on polymer surfaces. See DOI:
10.1039/c7bm00009j

{These authors contributed equally.

1130 | Biomater. Sci., 2017, 5, 11301143

steric repulsion.* For that purpose, besides other polymers,
such as polybetaine-based polymers® or poly(vinyl alcohol),’
poly(ethylene oxide), PEO, has been extensively studied and
proved to be effective.*” In general, the efficiency of the
surface coating in preventing protein adsorption is attributed
to the arrangement of the hydrophilic polymer chains into a
brush conformation. The description of the theoretical model
of polymer brushes and their mechanism and efficiency in
suppressing the adsorption of proteins was reported by
Szleifer®® and Halperin,"”"" and the important parameters of
a polymer brush, such as chain distance, chain density, and
the thickness of a polymer brush, have been established.

Several strategies based on both physical entrapment and
covalent attachment of PEO and their efficiency have been
reported.®'* The appropriate method for PEO immobilization
depends on the character of the original surface to be modi-
fied and the required application. Ideally, for tissue engineer-
ing applications, besides the homogeneity and stability of a
non-fouling layer over the whole biomaterial surface, the layer
enables the controlled incorporation of bioactive molecules.
This can be accomplished by the application of a certain
portion of end-functionalized PEO chains through which the
surface can be modified.

Modification of surfaces via covalent immobilization pro-
vides stable PEO layers. The “grafting to” and “grafting from”
techniques provided surfaces with a different density of the
tethered EO based chains.® Recently, the formation of end-
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tethered PEO brushes on polydopamine-modified surfaces,
thus applicable virtually to any substrate, prepared by the
“grafting to” method and with a significantly reduced protein
adsorption has been reported.” However, aliphatic polyesters,
such as polylactide (PLA), which is a biodegradable polymer
widely used for biomedical applications exhibiting a rather
hydrophobic character which induces the non-specific protein
adsorption, suffer from the lack of suitable functional groups
for a direct modification with PEO as well as with bioactive
compounds. Thus, for guided cell-surface interactions in the
area of tissue engineering, physically-based surface modifi-
cations of PLLA by entrapment of PEO chains'® or deposition
of PEO-based copolymers have been mostly investigated."**®

In our approach, the deposition of well-defined colloidal
nanoparticles of amphiphilic block copolymers composed of
amorphous poly(pi-lactide) and semi-crystalline poly(ethylene
oxide), PDLLA-b-PEO, has been studied as a method of surface
modification of PLLA-based biomaterials."* The PLLA sub-
strates were coated with a mixture of non-functionalized and
functionalized copolymers with biotin representing a model
functional group. Taking advantage of specific avidin-biotin
interactions, the accessibility of biotinylated PEO chains in the
topmost copolymer layer was demonstrated by AFM. In a
follow-up study, we demonstrated that the surface topography
of individual functional groups at the end of the PEO block in
such copolymer layers can be detected through the monitoring
of local mechanical properties by AFM of a larger marker such
as streptavidin-modified gold nanoparticles (diam. 40 nm)
bound to biotin moieties on the surface.'”

Smart biomaterials with well-defined distances between the
peptide ligands on the surface seem to be the favorable
approach in designing biomimetic surfaces for controlled cell-
surface interactions. The effective ligand spacing of adhesion
peptides on a nanometer scale required for cell adhesion and
cell guidance has been established on model surfaces by Spatz
and Cavalcanti-Adam."®° We believe that the one of the ways
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to transfer this proposed concept to real 3D biomaterials and
scaffolds is colloidal printing of functional copolymers, such
as PLA-b-PEO, for preparation of specific surface patterns of
biomimetic groups that would influence cell adhesion, growth,
and differentiation. The feasibility of our approach to prepare
even-patterned surfaces was proved in our recent study.”’
Different mixtures of non-functionalized and maleimide-func-
tionalized 7/10 PLLA-b-PEO copolymers were spin-cast on the
PLLA substrate from the selective solvent, fixed, and grafted
with a RGD-containing oligopeptide flanked with biotin. We
demonstrated that in such a way the surfaces with (i) randomly
distributed RGD-peptides or with (ii) a specific distribution of
RGD-peptides in clusters can be prepared. Moreover, pilot cell
culture experiments with the MG63 osteosarcoma cell line
proved that the surfaces with RGD-peptides arranged in clus-
ters supported cell adhesion and spreading.”’

Based on our previous studies, we have hypothesized that
when using PLA-b-PEO block copolymers with appropriate
molecular parameters together with a suitable selective solvent,
the formed copolymer self-assemblies can provide nano-
particles with a polylactide core which is stabilized but still not
completely in a glassy state. We assume that the deposition of
such physically stabilized nanoparticles occurs according to
Fig. 1A and results in a nanostructured surface. Taking advan-
tage of the affinity of the PLLA chains in the nanoparticle core
to the PLLA chains on the surface, we propose that the nano-
particle can relax on the surface according to the Ligoure
model;** and, hence, the PLLA chains from the core will be
entangled with the PLLA chains on the original surface, thus
stabilizing the coating layer. Furthermore, the PEO phase can
be exposed to the outer environment, and thus the PEO chains
of the nanoparticle will be present in the top layer. When a
portion of the PEO chains carries a functional group for grafting
of RGD-peptides, the distance between the peptides can be tuned
by the size of the deposited PLLA-b-PEO nanoparticles, which is
dependent on molecular parameters such as molecular weight.

protein and cell non-adhesive surface
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Fig. 1 Schematic illustration of deposition of PLLA-b-PEO colloidal nanoparticles from a selective solvent onto the polylactide surface (A) for

preparation of protein and cell non-adhesive surfaces (B).
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However, in order to study and, eventually, to control
guided cell-surface interactions through the integrin-RGD
mediated pathway it is necessary to eliminate any non-specific
interactions mediated by spontaneous adsorption of proteins
from the media. Therefore, in the present study we investi-
gated in more detail the anti-fouling properties of surfaces
modified by deposition of the PLLA-b-PEO copolymers and
their dependence on the molecular parameters of the copoly-
mers. We used three PLLA-b-PEO copolymers with a fixed
length of the PLLA blocks and a variable length of the PEO
blocks from 5 kDa to 15 kDa. We hypothesize that these PLLA-
b-PEO copolymers with different lengths of PEO blocks will
form nanoparticles with different sizes. Their deposition will
result in copolymer surfaces with a different wettability,
surface structure, and polymer brush formation. Furthermore,
we have investigated the efficiency of the PLLA-b-PEO coatings
in preventing the adsorption of single plasma proteins and
proteins from cell cultivation media, and the resistance of the
coatings to cell adhesion according to Fig. 1B. Finally, we cor-
related the results with the molecular parameters of the used
copolymers.

Experimental
Materials

Acetone, toluene, methanol, diethyl ether, tetrahydrofuran
(THF) (LachNer), dopamine hydrochloride (Aldrich), human
serum albumin (HSA, Aldrich), fibrinogen (Fbg, Aldrich),
Minimum Essential Medium Eagle (MEME, Aldrich), Human
Umbilical Vein Endothelial Cells (HUVEC, Life technologies),
Medium 200 and low serum growth supplements (Life
Technologies), human osteosarcoma cell line MG63 (Aldrich),
fetal bovine serum (FBS, Aldrich), glutamine (Aldrich), non-
essential amino acids (Aldrich), penicillin and streptomycin
(Life Technologies), trypsin (Aldrich) and a-hydroxy-
o-methoxy-poly(ethylene oxide) M,, = 5, 10, and 15 kDa
(Shearwater Nektar) were used as purchased.

Tin(un) 2-ethylhexanoate (Sn(Oct),) (Aldrich) was distilled
under vacuum and stored under an inert gas at —18 °C. The
monomer r-lactide (Aldrich) was used freshly recrystallized
from a mixture of ethyl acetate and toluene.

Synthesis of polymers. Poly-i-lactide (PLLA) was synthesized
by ring opening polymerization of r-lactide under melt con-
ditions as described elsewhere."* PLLA-b-PEO di-block copoly-
mers composed of poly(r-lactide) and poly(ethylene oxide) with
matching PLLA block lengths and different PEO block lengths
were prepared by a conventional ring opening polymerization
of 1-lactide in toluene using o-hydroxy-o-methoxy-PEO as
macroinitiators and Sn(Oct), as a catalyst. The polymerization
was carried out under the conditions described elsewhere.™*

Methods

Sample surface preparation. The copolymer surfaces were
prepared as thin layers on gold SPR chips (Institute of
Photonics and Electronics, Academy of Sciences of the Czech
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Republic). As a surface representing a real biomaterial, a spin-
cast poly(i-lactide) film was used. To provide a firm adhesion
of the PLLA film, SPR Au chips were coated with polydopamine
(PDA). PLLA-b-PEO copolymers were then spin-cast from selec-
tive solvents on the top of the PLLA film. Analogous surfaces
for cell culture experiments were prepared on glass slides
(diam. 12 mm). The detailed preparation was as follows.

First, the substrates (both SPR Au chips and glass slides)
were cleaned and modified with a PDA layer by a standard
protocol as described in our previous studies.”**

Then, the PLLA film was prepared by spin-casting from the
polylactide solution in chloroform (4 mg ml™, 180 pl on each
SPR substrate, 60 pl on each glass slide) using a PWM32-
PS-R790 spinner (Headway Research, Inc.) at 2750 rpm for 30 s
at 24 °C. The spin-cast films were annealed under vacuum at
120 °C for 3 h.

Finally, the copolymer surfaces were prepared by spin-
casting from suspensions in the acetone/methanol mixed
solvent (1/9 v/v, copolymer concentration: 3 mg ml™") on the
PLLA surface. Particularly, 300 pl of a given suspension was
spin-cast on at least 4 SPR substrates at 25 °C for 50 s in total
(step 1: 1000 rpm for 10 s, step 2: 1750 rpm for 40 s), and 70 pl
on each glass slide. The copolymer layers were heated over-
night at 50 °C under vacuum. Subsequently, the layers were
annealed in Milli-Q water at 40 °C for 1 h and quenched by
plunging into ice-cold Milli-Q water afterwards. The samples
were dried at RT and stored under vacuum.

Nuclear magnetic resonance (NMR) spectroscopy. '"H NMR
spectra of copolymers were acquired using a high-resolution
NMR spectrometer Bruker DPX300 at 330 K in CDCl;.

Size exclusion chromatography (SEC). The molecular weight
of the isolated products was determined by size exclusion
chromatography. SEC was performed on a Waters HPLC-SEC
modular system, using Phenogel 51 100 A (7.5 x 600 mm),
Phenogel 5p 103 A (7.5 x 600 mm) and Phenogel 5u 104 A
(7.5 x 600 mm) columns in THF, with a Waters 410 RI detector.
The system was calibrated according to Tresohlava et al.* and
the number-average and weight-average molecular weight,
M, and M,, were determined.

Dynamic light scattering (DLS). The spin-cast colloidal
solutions of copolymers were characterized by dynamic light
scattering on a Zetasizer Nano instrument (ZEN 3600,
Malvern, UK) at scattering angle 6 = 173° at 25 °C. The data
were evaluated in DTS (Nano) software and the particle size
(Ru) and the distribution of size (PdI) were determined by
cumulant defined in International Standard
1S013321.**

Contact angle measurement. The wettability of polymer
films was determined as surface-water-air contact angles by
dynamic measurement based on the sessile drop method on
the Contact Angle Measuring System OCA_20 (Dataphysics,
Germany) using OCA software SCA 20. The measurements
were conducted using a computer-controlled motor-driven
syringe to pump and withdraw water steadily into and from
the sessile drop. The water drop volume was increased and
decreased by 15 pl with a dosage rate 0.5 upl s™*, thus at

analysis
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~0.4 mm s~ velocity of three-phase contact line. A sequence
of pictures of the growing and diminishing drop was recorded
by a computer-controlled camera. To determine the advancing
contact angle, 85, and receding contact angle, 6, the drop-
shape analysis was used by fitting the drop profile to an ellipse
for PDA and PLLA layers and to the circle in the case of copoly-
mer layers using the software SCA 20 (Dataphysics, Germany).
At least 12 independent measurements for each surface modi-
fication were performed.

Spectroscopic ellipsometry (SE). The thickness of the
polymer films in the dry state was determined by SE using a
Variable  Angle  Spectroscopic Imaging  Auto-Nulling
Ellipsometer EP3-SE  (Nanofilm Technologies ~GmbH,
Germany) in the wavelength range of A = 399-811 nm (source
Xe-arc lamp, wavelength step ~10 nm) at an angle of incidence
(AOI) = 70° in air at room temperature. To increase the
measurement precision and exclude errors from the variations
of layer thickness throughout the substrate area, a 10x objec-
tive and position-calibrated sample stage were utilized to
perform repeated ex situ and in situ measurements over the
same sample area (1 x 2 mm?). The obtained data were ana-
lyzed with the EP4 software. The thickness and refractive index
of polymer layers were obtained from simultaneous fitting of
the measured ellipsometric data using Cauchy dispersion
functions (n = A, + B,/4, k = 0 with A, = 1.456 + 0.014, B, = 6500
+ 200 [nm?] for PLLA, 4, = 1.432 + 0.010, B, = 900 + 100 [nm”]
for the different films of block copolymers). The dispersion
functions of gold SPR substrates (composed of 50 nm thick
gold layer, 2 nm thick Ti interface layer and glass BK7 carrier)
were modelled with predefined functions in the EP4 modelling
software, while the dispersion function of the PDA adhesion
layer was taken from elsewhere.?

The PEO-b-PLLA thicknesses obtained from the ellipso-
metry measurements were used to calculate the chain

. hpNp
density ¢ = Y

n

and distance between the block copolymer

2
chains supposing a hexagonal packing D = , /f—g’ where £ is
o

the layer thickness in the dry state as determined by
ellipsometry,** 2% p = 1.09 g cm™® is the PEO bulk density, M,
is the number average molecular weight of the block copoly-
mers and N, is the Avogadro constant. The ratio of the dis-
tance between the PEO block to the radius of gyration of PEO

D
(Rg pro), Le. R describes the overlapping of the tethered

2 PEO

chains. Values of

< 0.5 indicate that the polymer
¢ PEO

chains are in a “brush” state. The R, of PEO in water was calcu-
lated according to Kawaguchi et al.>®

Infrared reflection absorption spectroscopy (IRRAS). The
infrared spectra of the dry polymer films spin coated on PDA
anchor films were recorded using a Bruker IFS 55 FT-IR
spectrometer (Bruker Optics, Germany) equipped with an MCT
detector and a grazing angle (80°, p-polarization) reflection
spectroscopy accessory. The measurement chamber was con-
tinuously purged with dry air. The acquisition time was

This journal is © The Royal Society of Chemistry 2017
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around 20 min at a resolution of 2 cm™'. The spectra are
reported as —log(R/R,), where R is the reflectance of the
sample and R, is the reflectance of bare gold.

X-ray photoelectron spectroscopy (XPS). XPS measurements
performed using a K-Alphat XPS spectrometer
(ThermoFisher Scientific, UK) operating at a base pressure of
1.0 x 1077 Pa. The data acquisition and processing were per-
formed using the Thermo Avantage software. All samples were
analysed using a microfocused, monochromated Al Ka X-ray
radiation (400 pm spot size) with pass energy of 200 eV for
survey and 50 eV for high-energy resolution core level spectra.
The X-ray angle of incidence was 30° and the emission angle
was along the surface normal. The K-Alpha charge dual com-
pensation system was employed during analysis, using elec-
trons and low-energy argon ions to prevent localized charge
build-up.

The analyzer transmission function, Scofield sensitivity
factors, and effective attenuation lengths (EALs) for photo-
electrons were applied for quantification. EALs were calculated
using the standard TPP-2 M formalism. The BE scale of the
XPS spectrometer was calibrated by the well-known positions
of the C-C and C-H, C-O and C(=0)-O peaks of polyethylene
terephthalate and Cu 2p, Ag 3d, and Au 4f peaks of metallic
Cu, Ag and Au, respectively. All measured spectra were charge
referenced to the C 1s peak attributed to C-C, C-H at 285.0 eV
binding energy. The obtained high resolution spectra were
fitted with Voigt profiles to probe the individual contributions
of present chemical species. The resulting binding energy
uncertainty of the reported measurements and analysis did
not exceed 0.3 eV.

Atomic force microscopy (AFM). The topography of PLLA-b-
PEO layers deposited on the supporting PLLA film was investi-
gated using an Atomic Force Microscope Dimension ICON
(Bruker) in air and in PBS in peak force tapping mode. The
samples after water annealing were dried and characterized
under ambient conditions. The characterization in PBS was
followed on the same samples in the same area of interest. In
air, the images were taken using a silicon tip (TAP150A,
Bruker) with spring constant k = 3.3 N m™" (determined by the
thermal tune method), peak force frequency 2 kHz and scan
rate in the range of 0.5-1.0 Hz. In PBS, the silicon nitride
tip (ScanAsyst-Fluid, Bruker) with typical spring constant k =
0.7 N m™" and scan rates within the range of 0.25-0.5 Hz were
used. NanoScope Analysis software (Bruker) was used for
image processing and the root mean squared roughness Rgys
was evaluated.

Surface plasmon resonance (SPR). The protein adsorption
on PLLA and PLLA-p-PEO layers formed on PDA coated SPR
chips was monitored in situ by a custom-built SPR instrument
(Institute of Photonics and Electronics, Academy of Sciences of
the Czech Republic) based on the Kretschmann configuration
and spectral interrogation detection mode. The SPR chip
bearing the surface of interest was placed in a flow cell
chamber of the SPR instrument and the surface was hydrated
by subsequent flowing of water and PBS buffer (pH 7.4) for
10 min. Single-component protein solutions, ie. fibrinogen

were
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(Fbg, 1 mg ml™" in PBS) and human serum albumin (HSA,
5 mg ml™" in PBS) or multicomponent biological solutions,
i.e. fetal bovine serum (FBS, 100%) and Minimum Essential
Medium Eagle (MEME) supplemented with 10% FBS were
pumped through four separate channels of the SPR cell
chamber at a flow rate of 25 pl min™". After 20 min of exposure
the tested solutions were replaced with PBS. Protein adsorp-
tion was monitored in real time as a shift in the resonance
wavelength (AA.s). The sensor response (Al.s) was obtained
as the difference between the baselines in PBS before and after
the injection of the tested protein solutions. A shift of Ales =
1 nm represents a surface coverage of 15 ng cm™>.>° The detec-
tion limit of the measurement (3 x SD of the baseline noise)
corresponds to a surface coverage of 0.1 ng cm ™. All measure-
ments were performed in triplicate. The final results are
presented as mean + standard deviation. Multiple comparison
procedures were made by the one-way ANOVA, Tukey test
(Origin v. 9.0.0, OriginLab Corp.). A value of p < 0.05 was
considered significant.

Tissue culture assay. The cell repulsive character of PEO-
based surfaces was investigated in tissue culture with human
osteosarcoma cell line MG63 and human umbilical vein endo-
thelial cells (HUVEC). Cell adhesion was determined on 7/5,
7/10 and 7/15 PLLA-b-PEO surfaces prepared on glass slides
(diam. 12 mm). The PLLA substrate was used as a reference
sample. MG63 cells (Sigma-Aldrich, CR) were cultivated in
MEME medium supplemented with 2 mM glutamine, 1% non-
essential amino acids, 10% FBS and antibiotics (Thermofisher
Scientific, CR). HUVECs (Thermofisher Scientific, CR) were
cultivated in Medium 200 supplemented with low serum
growth supplements and antibiotics (100 U ml™" penicillin
and 100 U ml™ streptomycin). After the 2"¢ passage, 8000
MG63 or HUVEC cells in 50 pl of complete MEME or Medium
200 were seeded on each coverslip.

The samples with the cells were incubated under a 5% CO,
atmosphere at 37 °C. The cell adhesion and growth were evalu-
ated after 1, 3, and 5 days using an OPTIKA inverted micro-
scope and by determination of cell number using the Alamar
Blue viability assay according to Kasoju et al.®' Briefly, the
slides with prepared surfaces were transferred to a new 24-well
plate with 300 pl of medium and 30 pl of Alamar Blue (AB) cell
viability reagent (Thermofisher Scientific, CR). The active com-
ponent of this assay - resazurin is reduced to a fluorescently
active compound resorufin only in viable/metabolically active
cells, thus the fluorescence intensity directly correlates with
the number of viable cells. The coverslips were incubated with
AB reagent for 4 h at 37 °C and the fluorescence was detected
in a multi-well plate reader Syner Neo (Bio-Tek, CR) using exci-
tation at 570 nm and emission at 600 nm. The acquired fluo-
rescence of the samples was re-calculated using a calibration
curve in order to obtain the absolute cell number present on
the samples. For the calibration curve, six wells in duplicates
were seeded with 5000-50 000 cells day before and the fluo-
rescence of AB metabolized component was measured. Then
the cells were washed with PBS and incubated with 0.2 ml of
trypsin solution (0.05% trypsin and 0.5 mM EDTA in PBS) at
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37 °C for 5 min. The trypsin was deactivated by adding 0.2 ml
of media. The solution was aspirated from each well and the
cell pellet was re-suspended in 100 pl of PBS. The Bruker’s
chamber was used to determine the number of cells. The 0.2%
Trypan blue - lethal dye was used to assess number of dead
cells and correlate only live cells with appropriate fluorescence
intensity.>> The calibration curve from the number of live cells
growing on the well plates and their fluorescence were used for
the determination of the number of attached and growing
cells on each coverslip according to their fluorescence inten-
sity. Each surface modification was tested in triplicate.

Results and discussion
Characterization of polymers and their colloid solutions

The A-B diblock copolymers composed of the semi-crystalline
polylactide block (PLLA) with a matching block length (theor.
7 kDa) and the semi-crystalline methoxy-poly(ethylene oxide)
block (PEO) with a block length of 5, 10, and 15 kDa were syn-
thesized by a ring-opening polymerization and characterized
by "H NRM spectroscopy and SEC. The copolymer composition
was calculated from the proton spectrum (see Fig. S1 in the
ESIT for "H NMR spectra) from the ratio of integrated peaks of
methylene protons of the PEO unit (3.54 ppm) and that of the
PLLA-methine proton (5.2 ppm). The increasing molecular
weight of the PEO block is clearly demonstrated by the incre-
mental ratio of the PEO unit at 3.54 ppm to the PLLA one at
5.2 ppm. The molecular parameters of the prepared PLLA-b-
PEO copolymers are listed in Table 1.

Amphiphilic block copolymers such as PLLA-b-PEO can
form in aqueous solutions or selective solvent self-assemblies,
particularly core-shell nanoparticles."®** The character of self-
assemblies of a wide range of PEO-based amphiphilic block
copolymers was investigated in a comparative study by Dionzu
et al.** The hydrophilic/hydrophobic fraction was shown to
be a significant factor for prediction of the morphology of
emerging nano-objects, which are not usually in equilibrium,
but kinetically frozen. However, besides molecular parameters,
the threshold between micelles and vesicles also depends on
details such as (co)solvent system and preparation method. In
the mentioned study, the micelle formation of PLA-b-PEO
copolymers was observed for the copolymers with higher
hydrophilic weight fractions fpro, particularly for fpgo > 0.4.

Table 1 Molecular parameters of di-block PLLA-b-PEO copolymers
and the hydrodynamic radii Ry of PLLA-b-PEO nanoparticles in the
acetone/methanol mixed solvent (1/9 v/v)

Code for the

PLLA-b-PEO M, (PEO)* M, (PLLA)” M, (total) Ry [nm]/

block copolymer [gmol™"] [gmol™] [gmol™] M,/M,* PdI

7/5 5600 7800 13400 1.05 85/0.20
7/10 10000 8000 18 000 1.29 104/0.10
7/15 15100 7000 22100 1.27 115/0.04

“ Determined by SEC. ? Determined by "H NMR.

This journal is © The Royal Society of Chemistry 2017
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In the present study, we used the mixed solvent of acetone
and methanol (1/9 v/v). Methanol served as a coagulant for the
PLLA phase,® thus forming the core from the collapsed
chains of the PLLA blocks, and as a good solvent for the PEO
blocks generating the particle shell. The hydrophilic weight
fraction fpgo reached the values 0.42, 0.56, and 0.68 for the 7/5,
7/10, and 7/15 PLLA-b-PEO copolymers indicating formation of
micelle morphology according to Dionzu’s work.** The for-
mation of such self-assemblies is shown in Fig. 1A. For all
tested copolymers, opalescent solutions, i.e. suspensions were
obtained and further characterized by DLS. The hydrodynamic
radii Ry of the formed nanoparticles of the 7/5, 7/10, and 7/15
PLLA-b-PEO copolymers are given in Table 1. The results
clearly show that the size of the PLLA-b-PEO nanoparticles
increases with increasing PEO block length, which is in agree-
ment with the theory of “hairy” micelles.>® Besides, the nano-
particles become more regular and uniform with increasing
content of the hydrophilic PEO block as indicated by narrow-
ing of the size distribution given by PdI (Table 1).

The mixed solvent composed of acetone and methanol
afforded formation of the PLLA-b-PEO particles with an
approximately tenfold higher diameter when compared with
nanoparticles prepared from a dioxane-water solvent system,"®
or prepared by dialyzing the PEG-PLA block copolymer in di-
methylacetamide against deionized water.”®> We prepared
nanoparticles of 7/5 PLLA-b-PEO with diameters of 170 nm up
to 230 nm for 7/15 PLLA-b-PEO.

Characteristics of PLLA-b-PEO layers formed on the PLLA
substrate

The model surfaces of the PLLA-b-PEO copolymers on the poly
(lactide) support were prepared as thin layers spin-cast on the
PLLA film. Here the PLLA film mimics the surface of a real bio-
material. A simple sample drying at laboratory temperature led
to the copolymer coatings becoming unstable under aqueous
conditions, as was observed as changes in the surface wettabil-
ity when the surfaces were incubated in water for several days
(data not presented). Therefore to anchor the copolymer
layers, the surfaces were exposed to a temperature of 50 °C
under vacuum followed by annealing in water at 40 °C and
finally by quenching in freezing water. The temperatures of 40
and 50 °C were selected as they are close to the glass transition
temperature of PLLA and to the melting temperature of PEO. It
was expected that such a layer treatment could enhance the
stability of the copolymer layer on the support due to the
enhanced phase separation of the PEO and PLLA blocks and
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due to the entanglement of the polylactide chains from the
copolymer with the polylactide chains of the PLLA support
layer. Furthermore, water annealing was used to enhance
additional partial reorientation of the PEO chains towards the
water environment to form the upper film layer enriched with
the hydrophilic PEO. Indeed, the thermal treatments resulted
in the copolymer surfaces being stable in aqueous conditions
at 37 °C at least for 1 week as verified by CA measurements
and ellipsometry analysis (see Table S1 in the ESIf). The sur-
faces prepared from the copolymers with amorphous poly(pr-
lactide) blocks showed poor stability under physiological con-
ditions (PBS, 37 °C). In contrast, PLLA-b-PEO copolymers with
semi-crystalline poly(r-lactide) blocks together with a stabiliz-
ation procedure at increased temperature provided hydrophilic
surfaces that are stable under cell culture conditions.

Table 2 reports the average ellipsometric thickness and cal-
culated surface-related parameters of the PLLA-b-PEO block
copolymer layers on the PLLA substrate. The spin coating con-
ditions were adjusted so the copolymer layer thickness (k)
would reach about 20 nm irrespective of the molecular weight
of the PEO block. The approximated PLLA-b-PEO chain density
(6) on PLLA decreased from 0.9 to 0.6 chain nm ™~ with increas-
ing the molecular weight of the PEO blocks from 5 to 15 kDa.
The decrease in ¢ in turn caused an increase in distance (D)
between the polymer chains from 1.1 to 1.4 nm. In all
cases the PEO blocks showed a strong inter-chain overlapping,

Le.

< 0.2 implying that the PEO chains will adopt a
2Rg pEO

brush structure in contact with water. The dense anchoring of
the copolymer chains on the PLLA substrate is further corrobo-
rated by the decrease in advancing CA (Table 2) from 83 + 1°
for the pristine PLLA film to 55 + 2°, 36 + 3° and 34 + 3° for
the 7/5, 7/10 and 7/15 PLLA-b-PEO layers, respectively.
Furthermore, the presence of PEO in the top layer of the film
is documented by a significant diminution of the receding CA
when compared to the PLLA surface. We attributed this obser-
vation to the swelling and penetration of water into the PEO
chains resulting in their mobility and reorientation. The reced-
ing contact angle slightly decreases with the increasing length
of the PEO block. According to the contact angle theory, these
observations indicate the presence of high energy, i.e. a low-
angle PEO phase in the top layer.*”

The IRRAS spectra of the prepared copolymer films
(Table 1) and the homopolymer PLLA and PEO films are
presented in Fig. 2. The representative spectrum of the PLLA-
containing films is dominated by bands at 2997, 2947, and

Table 2 Ellipsometric thickness (h), PLLA-b-PEO chain density (s), average chain distance supposing hexagonal packing of the polymer chains (D),
chain overlapping parameter of the PEO block (D/2R4 peo), advancing (@,4) and receding (@g) water contact angle values with standard deviations

Layer h [nm] o [chain per nm’] D [nm] D/2Rg pro 04[] or [°]
PDA 4.0+0.4 — — — 62 +4 18+2
PLA 25.5+3.2 — — — 83 +1 65+1
7/5 19.7 £ 0.8 0.9 1.1 0.19 55+2 23+3
7/10 20.0 £2.1 0.7 1.3 0.15 36+3 10+ 2
7/15 19.6 + 1.0 0.6 1.4 0.13 34+3 8+2
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Fig. 2 Representative IRRAS spectra of 7/5 (A), 7/10 (B), and 7/15 (C)
PLLA-b-PEO/PLLA thin polymer films on a PDA adhesion layer. Spectra
of PLLA (D) and PEO (E) are presented for comparison.

2870 cm™" assigned to the asymmetric CH;, symmetric CHj,
and CH stretching modes, respectively. The strongest observed
band at 1769 cm™' arises from the C=O stretching modes.
The band at 1456 cm™" is assigned to the symmetric defor-
mation of CHj, while the bands at 1387 and 1361 cm™" are
assigned to the CH deformation and asymmetric deformation
of CH;. The bands at 1137 and 1045 cm™" can be assigned to
asymmetric rocking of CH; and skeletal C-CHj stretching. The
asymmetric C-O stretching modes of the ester group appear as
strong bands at 1218 and 1186 cm ™', while the symmetric C-O
mode gives rise to the band at 1090 cm™". The C-COO stretch-
ing vibrations give rise to the weak band at 873 cm™".%®

The spectra of the PLLA-b-PEO copolymer films, in addition
to the contributions characteristic for the PLLA block, show
spectral features of PEO. In the C-H stretching region the pres-
ence of PEO gives rise to bands at 2890 and 2858 cm™" from
the stretching modes of CH, of the ethylene oxide units. Most
of the expected bands (arising from CH, rocking (964 cm™),
twisting (1281 and 1242 cm™'), wagging (1360 cm™'), and
scissoring (1467 and 1455 cm™') modes) strongly overlap with
the contributions from the PLLA block. Importantly, we also
observed the distinctive bands of the C-O-C stretching mode
at 1343 and 1117 cm™" in the fingerprint region. These contri-
butions have been assigned to the PEO chains in helical
conformation with a predominant perpendicular orientation
with respect to the surface as in the case of the dense PEO
brushes end-tethered directly to gold®® or to a PDA anchor
layer.””> Thus the presence of these bands proves the brush
structure of the PEO blocks in the top layer of the PLLA-b-PEO
films in our study. Notably, the spectral contributions of PEO
rise with increasing molecular weight of the PEO block.

The presence of the PLLA-b-PEO copolymers on the PLLA
surfaces was further corroborated by the XPS analysis (Fig. 3
and S3 in the ESIt). The high resolution C 1s XPS spectrum of
pure PLLA films is characterized by almost equal contributions
of the C-C, C-O and O-C=0 moieties at 285.0, 286.7 and
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Fig. 3 Representative high resolution C 1s XPS spectra of 7/5 (A), 7/10
(B), and 7/15 (C) PLLA-b-PEO/PLLA thin polymer films on a PDA adhesion
layer. Spectra of PLLA (D) and PEO (E) are presented for comparison.

289.0 eV, respectively (Fig. 3D). The high resolution O 1s XPS
spectrum (see Fig. S3D in the ESIT) of PLLA shows two contri-
butions from the O-C and O=C moieties at 532.3 and 533.8
eV. Expectedly, the C 1s and O 1s spectra of pure PEO films
show prevailing C-O-C peaks at 286.4 eV and at 532.5 eV,
respectively. The immobilization of the PLLA-b-PEO chains on
the PLLA substrate leads to clear changes within the C 1s and
O 1s high resolution spectra. While the C-O-C contributions
arising from EO monomer units rise with the increasing mole-
cular weight of the PEO block, we observe a concomitant drop

This journal is © The Royal Society of Chemistry 2017
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of the characteristic C-C and O-C=O contributions arising
from the lactide monomer units (see Fig. 3A-C). Similar
decreasing trends are observed in the O 1s high resolution
spectra for the O=C (Fig. S3 in ESI{) which are characteristic
for the lactide units of the PLLA block. Furthermore, the
(0-C=0)pr1a/(C-O)pro and (O=C)pr1a/(0-C)pro ratios were
calculated on the basis of the high resolution C 1s and O 1s
XPS spectra of the copolymer films (see Table S2 in the ESI}).
The agreement between the experimental and theoretical
ratios underlines the successful modification of the PLLA sur-
faces with compact films of the PLLA-b-PEO block copolymers.

The topography of the (co)polymer surfaces was investi-
gated using AFM both in air and in PBS. The micrographs
taken for the plain PLLA substrate are depicted in Fig. S2 in
the ESIf and those taken for the PLLA-b-PEO surfaces are
shown in Fig. 4. As is clearly seen from Fig. 4B and F, the
topography of the surfaces composed of the copolymers with
a longer PEO block, ie. 7/15 and 7/10 PLLA-b-PEO layers,
exhibited in air (dry state) an evident lamellar structure.
Although the overall topography of both surfaces is similar,
the average diameter of the observed lamellas decreases with
the decreasing molecular weight of the PEO block from 26 nm
in the case of the 7/15 surface to 18 nm for the 7/10 surface.

7115
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However, as is evident from the 1 x 1 pm detailed scan images
(Fig. 4B, F, and J), the distinct lamellar structure disappeared
with the further decrease in the PEO block length to 5 kDa
(Fig. 4]). The micrograph shows that the 7/5 copolymer surface
is formed from unorganized, partly round- and ellipsoid-
shaped hills with a hardly detected lamellar structure of the
separated PEO blocks. Our observation thus provides evidence
that the length of the PEO block plays a driving role in the
formation of the surface structure. This observation correlates
with our previous study on PDLLA-b-PEO surfaces with
amorphous polylactide blocks'* where we observed a lamellar
structure on the surface with the 15 kDa PEO block while the
surface of the copolymer with the 5 kDa PEO block exhibited
round shaped features. Based on the obtained results, we can
attribute the lamellar structure to the ability of PEO to crystal-
ize during the film casting and the film drying before the AFM
analysis. Furthermore, the root mean squared surface rough-
ness (Rrms) increased from 4.6 to 5.7 and to 9.4 nm with the
decreasing length of the PEO blocks from 15 to 5 kDa. The
observed decrease in Rgys With increasing PEO length is in
agreement with the observations published for the topography
of magnetic poly(glycidyl methacrylate) microspheres grafted
with PEO of a different length.*’

710

Fig. 4 AFM topography images of PLLA-b-PEO copolymer surfaces 7/15 (A, B, C, D), 7/10 (E, F, G, H), and 7/5 (I, J, K, L) taken in air (A, B, E, F, 1, J)

and in PBS (C, D, G, H, K, L).
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The images taken in PBS are presented in Fig. 4C, D, G, H,
K, and L. It is clearly evident from the 5 x 5 pm scans of a larger
area (Fig. 4C, G and K) that the 7/5 surface exhibits a notice-
ably more grain-type pattern than the 7/10 and 7/15 surfaces
with longer PEO blocks; and the surface roughness increases
from 7.5 to 10.0 and 16.2 nm with the decreasing length of the
PEO chains. These differences in topography correlate with the
observations on the dry surfaces. Although differences in the
surface structure in the 1 x 1 pm detailed scan images in PBS
(Fig. 4D, H and 4L) are not so obvious, we consider the lamel-
lar structure on the 7/15 and 7/10 surfaces to be still dis-
tinguishable, however with a lower definition in comparison
with the morphology in the dry state. We assume that the gran-
ular-type topography observed in Fig. 4L represents simply the
swollen structures observed in Fig. 4]. The granular character
could reflect the lower molar weight of the PEO block in com-
parison with the lamellar structures observed for copolymers
with 10 kDa and 15 kDa PEO blocks. The difference in the
topography of swollen and dry surfaces can result from the
drying process which can induce faint re-orientation of the
PEO chains. Indeed, the roughness of the surfaces swollen in
PBS is one and a half times higher than that of the surfaces in
the dry state. The lamellas appeared to be more swollen in PBS
which indicates that the present PEO chains are hydrated and
expanded when in contact with water. Importantly, as is clearly
seen from the presented AFM micrographs, the initially
observed structure in air (e.g. Fig. 4F) is preserved after the re-
immersion in PBS (e.g. Fig. 4H) with the only difference of a
significant swelling due to water uptake.

The comparison of our AFM observation with other studies
is limited as the surface topography is influenced by the mole-
cular parameters of the used copolymers, by conditions of
deposition including concentration and a (co-)solvent system
and annealing as well as by the character of the supporting
surface.*’ Furthermore, in the case of amphiphilic block co-
polymers with the potential ability to crystallize, the hydrophilic
to hydrophobic block ratio and thus the phase separation
plays an important role in the formation of surfaces with the
ordered structures.*” Besides, model surfaces, such as mica,
glass or Si wafers are mostly used for the investigation of the
surface morphology of PLA-b-PEO copolymers.

For example, Huang et al. studied the morphology of iso-
thermally crystallized thin films of asymmetric PLLA-b-PEO
copolymers.”® The observed dendritic superstructures were
attributed to the crystallization of PLLA blocks and to micro-
phase separation between PLLA and PEO blocks. However,
comparison with our study is unfeasible as the PLLA to PEO
block length ratios (16/5 and 30/5) and the conditions of the
surface preparation were different from those used in our
study.?

The deposition of a PLA-b-PEO copolymer with comparable
parameters and under similar conditions was studied by
Emoto et al.*® The deposition of reactive micelles with a cross-
linked core of PDLLA-b-PEO 3.5/4.5 onto the various substrates
resulted in the presence of lumps, as investigated by AFM both
in air and in water, and it indicated the deposition of whole
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micelles. However, the distinct spherical micelle structure was
not observed when the micelles with a non-cross-linked core
were deposited on the wafers. In this case the topography
exhibited regular hill features indicating interaction of the
uncovered micelle core with the surface according to the
model proposed by Ligoure.*” Furthermore, Fujiwara et al.
studied the surface deposition of PLLA-b-PEO 4.5/5 copolymers
from water solutions of different concentrations and the effect
of thermal annealing on topography.** The study has shown
that the PLLA-b-PEO micelles cannot preserve their shape after
deposition on the surface from diluted solutions. On the other
hand, at higher PLLA-b-PEO concentrations (from 0.2 wt%),
spherical hills were observed on the surface. Moreover, anneal-
ing at 60 °C changed the surface topography to a sphere-band
structure.

Based on Popelka’s study,'® where the deposition of whole
PLA-b-PEO micelles with non-cross-linked cores was observed,
and considering the copolymer concentration, solvent system,
and Ligoure model,”> we assume that in our system, when the
PLLA core is in a frozen state in a selective solvent, the PLLA-b-
PEO copolymers can be deposited on the PLLA substrate as
nanoparticles. The PLLA-)-PEO nanoparticles can relax upon
contact and the core will interact with the PLLA substrate
while PEO will be exposed to the outer environment providing
hydrophilic surface.

The specific surface structures observed by AFM are pro-
vided by the difference in the PLLA/PEO block ratio and the
PEO length itself, hence the PEO ability to crystalize and by
stabilization of the deposited copolymer films at 50 °C and
water annealing at 40 °C.

Considering our results from IRRAS, XPS and spectroscopic
ellipsometry analysis together with contact angle values and
the changes in topography, we can conclude that in the case of
the polymer surfaces prepared by the deposition of colloid solu-
tions of the PLLA-b-PEO copolymers, the PEO chains adopt the
brush structure and are preferably exposed at the top layer of
the stack. When exposed to an aqueous environment the PEO
chains swell and further re-orient and reorganize.

Protein adsorption and cell adhesion

The protein-resistance properties of the tested surfaces were
determined using SPR spectroscopy. For this purpose, the
PLLA-b-PEO (7/15; 7/10; 7/5) layers and the reference surfaces,
i.e. the pure PLLA layer and a gold SPR chip were exposed to a
single plasma protein solution (human serum albumin (HSA)
or fibrinogen (Fbg)) as well as to the cell cultivation media
(Minimum Essential Medium Eagle (MEME) supplemented
with 10% FBS and fetal bovine serum (FBS, 100%)) for 0.5 h.
The protein adsorption was observed in situ as a shift in the
resonance wavelength. A typical SPR record is shown in Fig. S4
in the ESL{ The mass of the adsorbed proteins onto the sur-
faces calculated according to Kumorek et al.** is presented in
Fig. 5.

When compared with the gold surface, a partially reduced
protein adsorption was observed on the PLLA film. However,
the surface coverage by proteins is still high and such a

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Protein adsorption on PLLA and PLLA-b-PEO (7/5; 7/10; 7/15)
layers bound to PDA followed by SPR. The surfaces were exposed to
HSA (5 mg ml™ in PBS), Fbg (1 mg ml™t in PBS), MEME (supplemented
with 10% FBS), and FBS (100%). A bare gold chip was used as a reference.
Data are presented as mean + standard deviation.

surface cannot be considered as a suitable background for the
creation of smart biomimetic functional surfaces capable of
eliciting accessible integrin binding ligands.

Considering the copolymer surfaces, all PLLA-b-PEO films
revealed good protein-resistance properties against single
plasma proteins, ie. Fbg and HSA. The adsorption of Fbg,
often referred as the “sticky protein”, to the 7/5 PLLA-b-PEO
surface was determined to be only 15 + 3 ng cm™2, i.e. only 9%
of the Fbg layer formed on the pure PLLA surface (163 ng
em™?). Remarkably, the Fbg adsorption on the 7/15 surface
with the longest PEO block was close to the detection limits of
the measurement, which indicates a complete prevention of
the non-specific adsorption of Fbg. Similarly, the adsorption
of HSA, the most abundant protein in blood plasma, dropped
from 65 ng cm ™~ on PLLA to 14 + 2 ng cm ™~ on the 7/5 PLLA-b-
PEO surface, and further down to 8 + 5 ng cm™> with the
increasing molecular weight of the PEO block of 15 kDa. The
results revealed that the adsorption of both proteins decreases
with the increasing length of the PEO blocks, ie. with the
increasing brush structure of the PEO chains indicated by the

. D
drop of the overlapping parameter R from 0.19 to 0.13

2 PEO
(Table 2).

Interestingly, Otsuka et al. observed the lowest adsorption
of albumin onto the PLLA-b-PEO surfaces with shorter PEO
segments, particularly approx. 3 kDa and not onto the surface
with the longest PEO chain tested (9 kDa)."® This discrepancy
with our findings can be caused by a different process of
sample preparation, leading to differences in the character-
istics of the prepared surfaces including the PEO grafting den-
sities. In the mentioned study, the copolymer surfaces were
prepared by spin-casting from toluene solution of PLLA-b-PEO
(20 mg mlI™), i.e. from the good solvent for both blocks. The
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samples were dried under vacuum at room temperature. Such a
procedure resulted in moderate-hydrophilic surfaces. Although
the PEO grafting density, the state of the grafted chains and the
chain overlapping parameters were not explicitly determined in
the referred work, the authors assumed that in their system the
PEO blocks reached the maximum of the chain density on the
surface with shorter PEO chains.'> However, more importantly,
our procedure of PLLA-b-PEO surface preparation provided
copolymer layers with markedly lower adsorption of albumin of
more than one order of magnitude regardless of the PEO block
lengths compared to Otsuka et al.*®

When the PLLA-b-PEO surfaces were brought into contact
with the multicomponent biological solutions MEME and FBS,
the notorious fouling observed on the gold and PLLA reference
surfaces was also significantly suppressed. The mass of the
adsorbed protein components decreased to less than 30
ng cm > regardless of the length of the PEO chain. Notably,
such a low level of non-specifically adsorbed protein deposits
approaches the levels reported for ultra-low and low-fouling
PEO polymer brush systems prepared by grafting from a reac-
tive melt”*>*> and polymer brushes synthesized by surface
initiated controlled atom transfer radical polymerizations.*°

It is evident that the PEO blocks in aqueous solutions can
be swollen and expanded and play an important role in signifi-
cant reduction of fouling from complex protein solutions
tested on the PLLA-b-PEO surfaces. Additionally, in the case of
single protein solutions, the SPR data showed a noticeable
effect of the PEO block length on the anti-fouling surface
properties.

The observations from the cell culture experiments with the
MG63 cell line are in a good agreement with the trends
obtained from the protein adsorption experiments. The
further concept of such a surface modification functionalized
with biomimetic motifs is mainly proposed for the interaction
with bone cells. Consequently, the MG63 cell line has been
used as a representative model of bone cells. The HUVEC cell
line has been used to confirm the general properties of the
prepared surfaces. PLLA has a rather hydrophobic surface
which tends to provoke higher protein adsorption due to
strong hydrophobic interactions. Consequently, MG63
attached to the PLLA surface within 24 hours as manifested by
the cell spreading with a typical morphology (see Fig. 6A). In
contrast, all three PLLA-b-PEO surfaces, which exhibited a
hydrophilic character (Table 1) providing the repulsive sol-
vation forces® and thus significantly suppressed adsorption of
single proteins as well as complex proteins from MEME, did
not enable spreading of MG63 within 24 hours after the cell
seeding as the PLLA surface. The cell morphology remained
roundish (Fig. 6B-D) indicating poor cell attachment to the
substrates and the cells’ inability to grow. A similar pattern of
attachment was observed with HUVEC cells (Fig. S57).

MG63 has been also characterized as the cell number of
attached cells after 24 hours and the cell number of growing
cells at day 3 and 5 (Fig. 6E). The number of cells 24 hours
after the seeding was not significantly different among the sur-
faces even though the morphology of the cells was significantly

Biomater. Sci., 2017, 5, 1130-1143 | 1139


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7bm00009j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 25 April 2017. Downloaded on 8/2/2025 10:16:53 PM.

[{ec

Paper

View Article Online

Biomaterials Science

35000

30000

Z
S

g
S

m 1st day

number of cells
[y
3
8

m 3rd day
H 5th day

PLLA-b-PEO
layers 7/5

PLLA-b-PEO PLLA-b-PEO

layers 7/10 layers 7/15
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plain PLLA surface (A) and PLLA-b-PEO layers 7/5 (B), 7/10 (C), and 7/15 (D) after 24 hours since cell seeding. Scale bar: 200 ym. (D) Calculation of
cell numbers after 1, 3 and 5 days of growth on the surfaces using cell viability assay.

different. After 24 hours on PLLA-b-PEO surfaces, the cells
were spread over a relatively small area and weakly adherent;
and hence, with inappropriate stimuli for further growth. This
phenomenon has been confirmed by a significant difference
in the cell number at day 3 and 5 among PLLA and PLLA-b-
PEO surfaces. On the PLLA the cell proliferation has reached
more than 30000 cells per slide. In contrast, on the PLLA-b-
PEO surfaces the cells did not proliferate properly, keeping the

1140 | Biomater. Sci., 2017, 5, 1130-1143

cell number between 4000-8000 cells per slide and remaining
within a round morphology.

Based on the cell culture experiments together with the SPR
results, we can assume that the modification of the PLLA
surface with the PLLA-b-PEO colloids provides the surfaces
with abundantly reduced protein adsorption sufficient for the
prevention of cell adhesion within the range of the PEO mole-
cular weight from 5 kDa to 15 kDa. Hence, as such, when a
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portion of the PEO chains is modified with a biomimetic com-
ponent, the colloids can be used for tailored nanostructured
and nano-patterned surfaces with adjustable distance and
density of biomimetic peptides, which would not be overlaid
by the mass of the proteins adsorbed from the media and will
be available for interaction with cell receptors.

Apart from low fouling properties of the present PLLA-b-
PEO coating we take into consideration the feasibility of this
coating to provide patterned surfaces in a controlled manner.
The proposed procedure afforded formation of the PLLA-b-
PEO particles with the diameter about 200 nm. We expect that
the size of the copolymer nanoparticles in hundreds of nano-
meters will be more suitable in the preparation of functiona-
lized surfaces, where the intended patches of biomimetic
motifs can be prepared and controlled in proportions related
to the dimension of the cells and the cell receptors. Such a
surface modification can be difficult to achieve by the depo-
sition of other PEO-based nanoparticle systems with a lower
diameter of several or tens of nanometers such as PEO-PLA
micelles'®**** or pluronic-based nanoparticles, although they
exhibit low-fouling properties.*>*”

Although in this study we focused only on PLLA-H-PEO
copolymers modifying PLLA surfaces, the approach can be
applied also for analogous combinations of amphiphilic block
copolymers composed of PEO and other linear polyester
blocks, e.g. polycaprolactone, or lactide-glycolide copolymers,
when modifying corresponding polyester surfaces. The men-
tioned polyester-b-PEO can readily be prepared through the
analogous chemistry to the PLA-b-PEO copolymers. Therefore,
we believe that the colloidal deposition approach could be
similarly applied to polyester-based biomaterials, which rep-
resent an important class of biomedical polymers.

Conclusions

Polylactide surfaces can be effectively modified by deposition
of amphiphilic PLLA-b-PEO copolymers in the form of colloids
from selective solvents resulting in hydrophilic anti-fouling
surfaces. The surface morphology, efficiency of the modifi-
cation, and the anti-fouling character depends on the mole-
cular parameters of the used copolymers. The PLLA-b-PEO
self-assemblies formed in selective solvents were deposited on
the PLLA surface as stable nanoparticles with a kinetically
frozen PLLA core; the average size of the nanoparticles
increased with increasing PEO block length. Upon deposition,
the nanoparticles can relax providing tight contact between
the PLLA core and the PLLA surface, and hence, the PEO
corona adopted the brush structure in the top layer. The brush
structure was proved by spectroscopic ellipsometry and IRRAS
analysis for all tested copolymer films. Furthermore, the
different topography of the dry copolymer surfaces was attribu-
ted to the ability of the PEO blocks to crystallize. The slight
difference in the topography observed for the wetted surfaces
resulted from swelling of the top PEO layer; hence, hydrated
PEO brushes provided repulsive forces to proteins.

This journal is © The Royal Society of Chemistry 2017
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The most efficient surface modification was achieved with
the PLLA-b-PEO copolymer with a PEO block of 15 kDa, provid-
ing highly hydrophilic surfaces with a significantly suppressed
adsorption of albumin and fibrinogen. Moreover, although the
copolymer with the short PEO block, i.e. 5 kDa exhibited only
a moderate hydrophilic character, it significantly repelled
protein and cell adhesion as compared to the pure PLLA
surface. The anti-fouling properties of the PLLA-b-PEO layers
in the cell cultivation media, i.e. MEME and FBS, regardless of
the length of the PEO block, approximated the levels obtained
on anti-fouling PEO brushes prepared by grafting techniques.
Therefore, all tested PLLA-bh-PEO copolymers can be con-
sidered as a protein resistant enough to provide a non-cell-
adhesive polymer background for further modification with
biomimetic compounds of smart surfaces in the area of tissue
engineering.
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